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CONTROL OF LARGE THERMAL DISTORTIONS 
IN A CRYOGENIC WIND TUNNEL 

John C. Gustafson* 


ABSTRACT 

The National Transonic Facility (NTF) is a recently completed research 
wind tunnel capable of operation at temperatures down to 89K (160 °r) and 
pressures up to 9 x 10® pa (9 atmospheres) to achieve Reynolds numbers 
approaching 120,000,000. Wide temperature excursions combined with the 
precise alignment requirements of the tunnel aerodynamic surfaces imposed 
unique constraints on the mechanisms supporting the internal structures of 
the tunnel. The material selections suitable for this application were 
also limited. A general design philosophy of utilizing a single fixed 
point for each linear degree of freedom and guiding the expansion as 
required was adopted. These support systems allow thermal expansion to 
take place in a manner that minimizes the development of thermally induced 
stresses while maintaining structural alignment and resisting high aerody- 
namic loads. 

Typical of the support mechanisms are the preload brackets used in 
the fan shroud system and the Watts linkage used to support the upstream 
nacelle. The design of these mechanisms along with the basic design require- 
ments and the contraints imposed by the tunnel system are discussed in detail 


INTRODUCTION 

The National Transonic Facility (NTF) is a recently completed cryo- 
genic and high pressure wind tunnel at the NASA Langley Research Center 
capable of operating at temperatures in the range of 89K (160°R) and at 
pressures to 9 x 10 5 Pa (9 atmospheres). This facility is capable of 
producing Reynolds numbers in the range of 120,000,000 by using cryogenic 
nitrogen as the test fluid and will provide a marked increase in capability 
to accurately simulate the full scale aerodynamics of current and future 
aircraft with small scale models. The tunnel is a recirculating type with 
a number of internal structures to control and condition the flow through 
the test section. The internal structures experience wide temperature 
swings since they are exposed to the cryogenic nitrogen. The tunnel 
pressure shell is internally insulated and is only exposed to the outside 
ambient temperature. The design of the mechanisms to support these inter- 
nal structures from the tunnel pressure shell and still accommodate the 
thermal and pressure induced relative displacements between the shell and 
the internals was one of the critical problems to be solved in the facility 
design. 

♦NASA Langley Research Center, Hampton, Virginia 
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instance it is necessary to accommodate the seasonal and daily temoerature 
induced dimensional changes or stresses. While it appears that la?qe 
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= modulus of elasticity 
s linear coefficient of thermal expansion 
= change in temperature from the stress-free state 
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MATERIALS 

Material selection on the NTF project was sevprpiv n m u a w tk w • 
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Hoc?n tUr f S 1n th i s . section of the tunnel * While 5454 has a lower allowable 
design stress, it is not susceptible to stress corrosion crackinq at 
temperatures above 339K (610°R). 9 at 

Despite the internal insulation the shell is required to withstand 

SnTmu d ° L C a r r en L C HT ir r ent ’. , " C ' Udtn9 * 2* contact 

with liquid nitrogen. Additional considerations of fabrication ease and 
the requirement for a 50 year fatigue life resulted in the choice of 2 M 
stainless steel for the shell material. 304 

tn ro 5,!^ inU - !!? S selected over st eel for the primary internal structures 
o reduce weight, increase thermal conductivity and minimize thermal capa- 
city. In order to maintain the thermal stresses within allowable limitc 

material "elections" llu T “ I/ 0 " 1 ™'''* ^ 

tely 8 hours? t# ^ 6 C ° U n0t b * reduced t0 1ess than approxima- 


INTERNAL STRUCTURE TO SHELL ATTACHMENTS 
As noted earlier, for operational cost considerations thp tunnel 
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?„???!?; y ;• ( . 370 R) and can result in large relative motions between 

mtially adjacent points on the two structures 
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thermal^ 6 st ™ dture caused by non-uniform temperature profiles durina 
thermal transitions. These are controlled operationally by a five hour 
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Determination of the final stress levels was rtnn* k 

mechanically generated stress HiZlfZ J done by superimposing the 

stress distributions? distribution over the thermal transient 


fan CONTAINMENT SHROUD ASSFMRI V 

of a sixty foot n sh^Id n assemb?y ^ocate^i^th^f 8 ^ 006 ° f three sectio "s 
This particular section forms ! he fan re 9 io " of the tunnel, 

vides the outboard attachments for the^an'^ 3 ? 6 * 0 *' 5 he f1ow annulus » pro- 
vanes and, as the nam^i^es nL?Hoc " \ n1eb . and exit flow control 
vessel in the event of seDaration nf f P r o^ction for the tunnel pressure 
Table 3 summari zes the SnlneM afL.ff b '? de / r “" the drive disc, 
of this structure. ns » oads . and design requirements 

the high loads in th, ^region b^xternarMnos* 1 , T > *d Ch i ' S reinforce<l for 
thrust and torsional operating lo^dj w the shrA a ° !*' w1tb the combined 

.inear axis and allows relative free^ EWS 1 
Thrust Support 

from the upstream to e domstream P md SUr To'Srevlnt he Shr °“? as semfc!y increases 
shroud and the shell wall this flow'path was !aIiT'«“ it,M between the 
requ rement which generates the majornJ , * ' off - 11 ,s this seal 
results in a net force tending to dHve thl <2 2 Ce °" the shroud a " d 

bulkhead seal is used on the 00 *?^!^ 6 bhe shroud upstream. A single 

fixed axial support point for the shroud^ Figure'9. Pr ° Vll,eS the s1r,9 ' e 

p reloaded* 1 brackets aJe 9 ™aJed d ^^d"?he P ?f-c tt ; 9 co " d,tfo " s a sot of four 
bracket provides an initial force of 89 kN *f* sheU - Each 

the shallow angle of the line of action ?. H . ’ * 9a1 ? st the seal, and 

loads due to a rad, a, .ispiacemenror^h^l^oud^r:^, ^H^o'Jh^sh^n ? ? 
Radial Support 

the shroud is tesigned^^be^ess^han 0 ?.^^ blades and 

dictated a support design that: * (*070 In). This requirement 

tion in ext£eme?y a Lf?M^ structure position at installa- 
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Is sufficiently rigid to maintain alignment under operational loads. 

Allows radial thermal expansion but maintains the alignment of the 

shroud centerline to the blade rotational axis as the expansion takes 
p I ace • 


The rotational and dead loads from the shroud assembly are transferred 

S6t ^ °* : adial keys 00 the shroud into matching preload brackets 
fouJ 1 ll m £ul fabricated on the pressure shell. Each set is composed of 

o V s S eS TK Fl r re K 10 v\ OCated symmetrically around the circumference 
of the shroud. The two brackets on the horizontal react only vertical 
forces and the two on the vertical react only horizontal forces. 

fmpH h Lt!oL° n ^ he s ! ,roud are 11,43 cm ( 4 * 5 in ) thick aluminum plates 
?! adj f cent reinforcing rings on the outside of the shroud 

^‘,< The p J ates are . fnted int0 2 * 54 C" (1 in) deep slots machined 
into the ring webs and maintained in position by through bolts. 

cent lickpWpai’ F Th Ur ? : i’ 3re a We1ded structure fabricated from 9 per- 
th^Loh p <; 5 *V <: The ^ ^ adS are transmitt ed into the shell primarily 

mStH?^i wither l 6 1n) dian,eter shear Pin. The configuration is unsym- 
metrica 1 with the heavier side positioned to resist the dead loads of the 

nrn«iHoH S h efnb ieS: V ?o!;’ cal and horizont al alignment of the shroud is 

d6 Tk by opposing A286 stainless steel screws threaded into the bracket 
* -he screws react into the key through self aligning pucks. The 
motion o. the pucks over the key surface is restrained only by sliding 
nction and allows the radial and axial deformation of the shroud to 9 occur 
relatively unimpeded. To minimize the sliding friction and provide a 

bonding th ludr ’ cat1on * he P ucks hav e a reinforced fluorocarbon pad 
bonded to the sliding surface. 

The bucket itself is exposed to the gas temperature of the tunnel 

Xp •HIT! 26 ^°K a C °i d SpotS on the she11 ’ the bra cket is separated from 
the shell pad by machined fiberglass reinforced polyester spacers The 

spacers are selectively machined to correct for the "latllffi 2irse* 

rp}prpn, CeS °V he ? S W ^ lded " She11 pad and are used « an accuse 
iTalsn thprlvi 6 f or tbe b ^ acket load bearing assemblies. The shear pin 
is also thermally isolated from the shell by being totally encaspd in a 
load bearing fiberglass envelope. y encased ln a 

diffvlli/tn’imni^ 11 ^ ' ghtforward in appearance, proved to be more 
.III t0 , 1 TP 1ement than ex Pected. The alignment of the shroud to the 

fh2 t iiil? e H° f i the rotat1ng fan » as noted earlier, is critical because of 
the limited clearance to the blade tips. Once allqned, the suoDort 

operatinq 1 loads^^ S Thp 1 °? er a11 of the the rmal excursions^ 

operating loads. These criteria were met by preloading the bracket arms *n 

s'*;? i r?r, of ; n -! er,,ce til 5 

bracket is fully Involved and the effective stiffness of each bracket Is 
maintained at a required value in excess of 1.4 x 10 8 N/m (8 x 10 5 lb/1n). 
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would be on the°order°of 3?5 1 x S 109 1 2/ 1C /5n d tha Ji the . brack et stiffness 
highly questionable since the geometry If the^ The re sults were 

length to depth ratios assumed in the ctlnlL K aCket d ° es not the 
element analysis was also made whirh ^ beam equation ‘ A finite 

primarily due to flexina nf fL Ill! Predicted a much lower stiffness 
correctly modeling to account fnr^h 0 " 1 P ate * The difficulty here was 

the shear pin, f?bergla s Sacers and ?2 ntr l b ?f 1on 0f the bolts 

stiffness. 9 a$S Spacers and the shell mounting pad to the overall 

sfon Sen ‘ f \ ffere " tti " «pan- 

This imposed a minimum deflection of ? s mm i a so a conc ern. 

bracket legs before any pretwd was annl^d ( '°rl ' n L l betwee " the two 
stiffness, the total preload could inrre^co’f ^pending on the bracket 

certain loading conditions, stresses in the t0 i! he P°i n t that, under 
allowables. tresses in the weld root could approach design 

fS ? c r £*"l (’"®S'?y 4 <ised n ?or i S percent ^ntckel 'on ljn m ^ "«««>» 

ENiCrMo-3 which has an ultimate^trenoh in^L N1 P to s P ec1 fication 
rigorous program of NDT weld inenortin n excess of the base material A 
m.eu to remove potentn^^^r^’^crlriL^i^po^r'" 9 of the 

the aa:aTU!^Vfe^, r r:i„ S d ,n ^; a ‘^ 0 " t0 
bracket. Figure 12. The rpsuifc ch« a ea s t rain relationship in the 

** 2 X 109 N/r,n ( 7 x 106 lb/in) which W wa<; dn H effeCti Ve spring constant of 
than expected. A larqe Dart nf til** l, adequate but considerably lower 
predicted in the f!"S eSnt ° CCUr '' ed " <»» T 

^Sa a ST!r' WaS set at 3 -3 * 

Joad. Strain gages were then mounted at fhp Jl * '? r00t for this Pre- 
remainder of the brackets and the strain ™f c me relat1ve location on the 
Preload as the final installation sJep! measurement duplicated to set the 


ur^HKtfln nacfi i r 

of the flow S annuTust Ce it e houses r the 3 mafn r,nS rt^? inner aerod ynamic surface 

the bearing lubrication supply liJestheinlff be ^ in9 for tbe fan shaft, 

hydrau ic system. To avoid cryogenic Irlt 9U1de vane actua for and its 

K s ^tems, the internal Volume is ins^aTL 0 " a* ! ubricatio " a "d 
(525°R) or above. insulated and maintained at 292 K 

The upstream nacelle is an i * w , 

« a conical shape just downstream ^ P fl . Ular She11 structure beginning 

9 “ re ' 4> Md term, " at1 "3 a t the aerod > L n iT?p 9 r^^^ l ^ aS fa s n i '^e S . 
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The general dimensions and loads are given in Table 4. Here also, the 
nacelle loads are resisted by independent support systems each providing a 
single fixed point for the three linear axes. 

Thrust Loads 


The thrust loads are the main aerodynamic forces and are reacted in 
two places. Thrust in the X direction. Figure 4, is towards the fan in the 
fan leg and is reacted at the transfer case structure by pivoting brackets 
which allow radial motion. Thrust in the Y direction is removed at the 
corner by an "Invar" thrust link reacted by the tunnel pressure shell. 
Figure 13. 


Radial Loads 


Radial support is provided in three locations. At the transfer case 
a set of brackets similar in concept to that discussed for the shroud are 
used. Additional vertical supports were needed near the corner and near 
the nose to eliminate the overturning moment at the transfer case. The 
supports must cross the flow stream in this area that requires a design 
having a low flow blockage and an aerodynamic shape to mimimize flow 
disturbance. In addition the supports must provide sufficient rigidity to 
raise the nacelle first mode frequency above 15 hz and allow independent 
thermal expansion of the shell and nacelle. 

The first two requirements are most efficiently met by tension members 
between the shell and the nacelle but rigid attachment would not meet the 
requirement for free thermal expansion. The solution was to use a Watts 
linkage for a support as shown schematically in Figure 15. At the corner 
the mechanism is built into the turning vanes. In the upstream section of 
the nacelle the legs have leading and trailing edge fairings attached to 
reduce turbulance. Only vertical support is provided since the nacelle 
structure in this area is sufficiently rigid to react against any horizon- 
tal bending moments. 

The Watts linkage is attached to the nacelle by a pivot through a 
suppo r t beam at the nacelle centerline. This allows the nacelle to freely 
expand and contract radially. Seals are incorporated around the vertical 
members where necessary to prevent intrusion of the cold flow stream into 
the heated environment inside the nacelle. With the pivot at the center, 
the tunnel shell is allowed to expand/contract independent of the nacelle 
with no effect on the alignment of the nacelle to the centerline. 
Maintenance of alignment is predicated on a uniform radial change of the 
tunnel shell. This condition is reasonably well met by having this section 
of the tunnel enclosed in a high bay equipment area. Horizontal motions 
of the nacelle relative to the tunnel wall are accommodated by the use of 
a spherical self aligning bearing at each end of the vertical leg attach- 
ments, Figure 16. 


Material selection is based solely on strength and stiffness since the 
radial freedom of the system will obviously accommodate changes in leg 
lenqth The entire Watts linkage structure is 304 stainless steel except 
for^the Divot pins which are A286 stainless steel. The aerodynamic 
fairings P are 6061 aluminum attached to the legs with slip fittings to 
accommodate the thermal expansion. 

During installation a slight preload is built in to take up fabrica- 
tion looseness in the various pivot points. 
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Concluding Remarks 

Support systems utilizing preloaded brackets and Watts linkage mechan- 
sims haJebeen applied to a large highly loaded structure operating over a 
wide temperature^ range . These systems have been configured to allow rela- 
tively unimpeded thermal expansions and still meet close alignment require- 
ments over the operational temperature and load range. 
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Table 1. General Design Goals 


Maximum Reynolds Number 
Mach Number Range 
Operating Pressure Range 

Operating Temperature Range 
Input Power 

Operating Medium 
Test Section Size 


120,000,000 at Mach 1 
.1 to 1.2 

5.72 x iO 4 to 8.27 x 10 5 Pa 
(8.3 to 130 psia) 

78°K to 339°K (140°R to 610°R) 

9.7 x 10 7 Watts ( 130,000 Hp) 

Nitrogen 

2.5 m x 2.5 m (8.2 ft. x 8.2 ft) 


Table 2. Primary Structural Materials 


Ferrous 

304 Stainless Steel 
A286 Stainless Steel* 
9% Nickel Steel 
Invar 36 

♦Primari ly 


Non-Ferrous 
5083-0 Aluminum 
5454-0 Aluminum 
2024-T4 Aluminum* 
6061-T6 Aluminum* 
as fastening materials 


Table 3. Fan Containment Shroud Dimensions and Loads 



SI Units 


English Units 

Length 

4.44 m 


14.56 ft 

Inside Diameter 

6.0 m 


19.70 ft 

Wall Thickness 

5.09 cm 


2.0 in 

Material 

5454 aluminum 



Weight 

196000 N 


44,000 lb 

Diameter Change Over Temp 

2.64 cm 


1.04 in 

Minimum Fan Blade Clearance 

1.8 mm 


.07 in 

Maximum Thrust Load 

1.1 x 10 6 N 


246,420 lb 

Maximum Torque about axis 

4.26 x 10^ Nm 


3.13 x 10 6 
ft lb 

Maximum Differential Pressure 

1.52 x 10 5 Pa 


22 psia 

Table 4. Upstream 

Nacelle Dimensions 

and 

Loads 

Overall Length Along Centerline 

13.7 m 


45 ft 

Maximum Diameter 

4.63 m 


15.2 ft 

Dead Load On System 

2.5 x 10 5 N 

55,240 lb 

Thrust Load Z Direction 

1.08 x 10 6 

N 

242-650 lb 

Thrust Load X Direction 

1.56 x 10 6 

N 

350,600 lb 

Thermal Motion Z Axis 

3.47 cm 


1.37 in 

Thermal Motion X Axis 

3.88 cm 


1.53 in 

Moments X Axis 

2.79 x 10 3 

Nm 

2.05 x 10 3 ft 

Y Axis 

5.22 x 10 5 

Nm 

3.84 x 10 5 n ib 

Z Axis 

5.36 x 10* Nm 

3.94 x 10* ft lb 


Material 


5083-0 Aluminum 


160x10 s 


ORIGINAL Pt\i si R* 
OF. POOR QUALITY 



Figure 1.- Flight Reynolds numbers for existing and 
projected aircraft compared with the capability 
of existing wind tunnels. 
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Figure 2.- Cryogenic tunnel concept 
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Figure 3.- Flight Reynolds numbers for existing and 
projected aircraft compared with the capability 
of the National Transonic Facility. 


LOW SPEED DIFFUSER-7 


TRANSFER CASE _ 
FAN~\ / 



PRESSURE 


15: 1 CONTRACTION 


-SLOTTED TEST SECTION 


^RAPID DIFFUSER 


-HIGH SPEED 
DIFFUSER 


Figure U.- Plan view of tunnel circuit showing pertinent 
dimensions and components - National Transonic Facility. 
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CROSS SECTION THROUGH INSULATION 

(LOOKING AX IAI i Vi DETAIL OF LINER ATTACHMENT 

, FLOW SYSTEM 


y 4 :k . : i/::/? .... 

'—LINKS SHELL 
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Figure 5*~ Typical sections of the internal 
insulation system. 



Figure 6.- Tunnel shell support legs. 
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Figure 8.- Fan Containment Shroud 
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Figure 11.- A fan shroud bracket assembly. 


ORIGINS- 

OF POOR QUALITY 








